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Abstract
The paper deals with the laboratory testing of coarse-grained soils that are reinforced using a geogrid. The shear strength properties 
were determined using a large-scale direct shear test apparatus. The tests were executed on original as well as on reinforced soil, when 
the geogrid was placed on a sliding surface, which permitted determining the shear strength properties of the soil-geogrid interface. 
The aim of the tests was to determine the interface shear strength coefficient α, which represents the ratio of the shear strength of the 
soil-geogrid interface to the unreinforced soil. The tests were executed on 3 samples of coarse-grained materials, i.e., poorly graded 
sand, poorly graded fine gravel and poorly graded medium gravel. Two types of geogrids were tested, i.e., a woven polyester geogrid 
and a stiff polypropylene geogrid. The results of the laboratory tests on the medium gravel showed that the reduction coefficient α 
reached higher values in the case of the stiff polypropylene geogrid. In the cases of the fine gravel and sand, the values of the interface 
coefficient α were similar to each other. The shear strength of the interface was reduced or was similar to the shear strength of 
unreinforced soil in a peak shear stress state, but significantly increased with horizontal deformations, especially for the fine gravel 
and sand. The largest value of the coefficient α was measured in the critical shear stress state. Based on the results of the testing, a 
correlation which allows for determining the optimal grain size distribution was obtained.
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1 Introduction
Soil reinforcement using a geosynthetic belongs among 
the most often-used methods of soil improvement or sta-
bilization. Geosynthetics can be applied to mechanically 
stabilized embankments and earth walls, which are com-
posite structures made of geogrid layers and compacted 
soil or backfill. Examples of these structures are road and 
railway embankments, e.g., [1–7], and reinforced retain-
ing walls, e.g., [8, 9]. Geosynthetics can be suitably used 
to improve resistance and reduce the settlement of shallow 
foundations, e.g., [10].
The stability and effectiveness of these constructions 
mostly depend on the interaction between the original soil 
and the geogrid. Based on the method used of the geog-
rid, the failure mechanism of reinforced earth structures 
consists of pull-out failure and sliding along the reinforce-
ment [11]. The bearing capacity of the reinforcement for 
pulling out of the soil can be determined using a pull-out 
test. The test can be done using a physical model on an 
adequately reduced scale or using an actual scale field test, 
see e.g., [12]. A failure caused by the soil sliding on the 
interface with a geogrid depends on the shear strength of 
the soil-geogrid interface, which can be determined using 
a large-scale direct shear test apparatus, e.g., [11, 13–18]. 
The reduction or increase in the shear strength properties 
of the soil-geogrid interface is given by the coefficient α, 
which represents the ratio of the shear strength of the 
soil-geogrid interface and the shear strength of the orig-
inal unreinforced soil, e.g., [19].
Much published research has already focused on deter-
mining the shear strength coefficient α of the interface. 
The values of the coefficient α depended on the material 
tested and the type of geogrid. The results of the conven-
tional direct shear tests published by [13] showed that 
the use of a polyester yarn geogrid with different types of 
soils lead to determining the coefficient α in the range of 
0.89–1.01. The use of a polypropylene geogrid in fine sandy 
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and gravelly soils allows for determining the coefficient α 
in a range of 0.94–1.12 [20, 21], but in the case of a crusher 
run, the coefficient α can decrease to 0.767–0.94 [22]. 
Sweta and Hussaini [23] stated that the coefficient α also 
depends on the size of the aperture of the geogrid and the 
grain size of the soil tested, when the optimum ratio of the 
geogrid's open area to the grain size d50 is within a range of 
0.95–1.54. The values of the coefficient α published were 
within a range of 0.86–1.06. The use of different types of 
woven black geogrids always causes a reduction in the 
coefficient α [24]. Different types of materials such as 
recycled concrete aggregate, crushed brick, and reclaimed 
asphalt pavement, reinforced using a polypropylene geog-
rid, were tested by [25]. They prepared "non-conventional" 
shear strength tests, where the geogrid was placed about 
7 mm above the sliding surface, which caused an increase 
of about 1.8 times in the coefficient α in comparison to con-
ventional shear strength tests. The materials they tested 
were similar to quarry stone and had a high initial shear 
strength, i.e., τ0' = 30 – 114 kPa, which was also reflected in 
the results and differences in the interface's shear strengths 
between the conventional and non-conventional tests.
An increase or decrease of the soil-geogrid interface's 
shear strength in comparison to the shear strength of the 
original unreinforced soil depends on the following param-
eters: the internal shear strength of the soil within the 
geogrid's open area; the shear strength (friction) between 
the soil and the surface of the geogrid; the passive resis-
tance between the soil and the transverse ribs, e.g. [26]. 
It can be assumed that the final value of the coefficient α 
is a function of the grain size distribution of the material 
tested and the size (geometry) of the geogrid tested. The 
density of the soil tested also has a significant impact on 
the soil-geogrid interface's shear strength, but it is lacking 
in the results of much research, which makes it difficult to 
compare the results of different authors.
The properties of the soil-geogrid interface's shear 
strength are included in the analytical design, e.g. [26], as 
well as the numerical modeling of reinforced earth structu- 
res. The numerical modeling allows for the modeling of geo-
grids with interface elements on their surfaces, which define 
the shear strength of the soil-geogrid interface, e.g., [27, 28].
The paper presents the results and analysis of the 
soil-geogrid interface's shear strength for three types of 
coarse-grained soils (poorly graded sand, poorly graded 
fine gravel and poorly graded medium gravel), reinforced 
with two different types of geogrids (a stiff polypropyl-
ene geogrid and a soft woven polyester geogrid). The tests 
were executed according to a conventional method, using 
a large-scale direct shear test apparatus. The aim of the 
study is to determine the coefficient α and provide an anal-
ysis, which makes recommendations for the optimal and 
effective design of the types of geogrids tested.
2 Properties of the soils tested
Well graded gravel with a low sand content is the most 
optimal soil for soil reinforcement using the selected 
types of geogrids. The soil usually consists of fractions of 
0.125–31.5 mm. This type of soil is easy to compact and 
has high values of shear strength and deformation prop-
erties, e.g., [29]. However, the soil seems to be unsuitable 
for the presented study, because after its reinforcement by 
the geogrid and its compaction, it is very difficult to obtain 
its state, when the same content of sandy and gravel frac-
tions is in the contact with the geogrid. Depending on the 
proportion of sandy and gravel fractions, different shear 
strengths will be determined, which further complicates 
an analysis of the results.
For this reason, three samples of coarse-grained soils with 
different grain sizes were prepared; each sample consisted 
of only two fractions. This allowed for the easy homoge-
nization of the sample and resulting state, when grains of 
approximately the same size were contact with the rein-
forcement during the shear tests. The grain size distribution 
curves and photos of the tested samples are shown in Fig. 1.
Sample 1 consists of an 8–32 mm fraction. Based on 
the standard STN 72 1001:2010 (Classification of soil and 
rock), the sample was classified as poorly graded medium 
gravel (GPm). The diameters of the grains for the selected 
percentile as well as the uniformity coefficient and 
Fig. 1 Grain-size distribution curves of the soils tested
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coefficient of gradation are presented in Table 1. Sample 2 
consists of a 2–8 mm fraction, classified as poorly graded 
fine gravel (GPf). Sample 3 consists of a 0.5–2 mm frac-
tion, classified as poorly graded coarse sand (SP). The 
index properties of the soils tested are given in Table 1. 
Determining the minimal and maximal bulk density was 
done using conventional laboratory tests, as presented 
by, e.g., [30], which allowed for determining the density 
index (ID) for each shear test executed.
3 Properties of the geogrids tested
The tests were executed with two different types of geog-
rids, i.e., TenCate Miragrid GX55/30 and Thrace TG3030S. 
The GX55/30 reinforcement is a woven geogrid made of 
polyester (PET) with polymeric UV surface protection. 
The geogrid can be used for reinforcing retaining walls, 
steep slopes, and embankments as well as improving the 
shear and deformation parameters of the subsoil under 
an embankment or a shallow foundation. The geogrid is 
composed of high modulus polyester fibers suitable for the 
application of short and long-term soil reinforcement [31]. 
The main properties of the geogrid are stated in Table 2. 
The TG3030S reinforcement is a biaxial stiff polypro-
pylene (PP) geogrid, which is made using the extrusion 
method of punching a pattern of holes, followed by stretch-
ing in both directions under a controlled temperature. The 
geogrid is suitable for the reinforcement of retaining walls 
and steep slopes as well as the reinforcement of the subsoil 
under embankments or contaminated soil [32]. The main 
properties of the geogrid are stated in Table 2.
The geogrid is not stressed to a great extent during the 
direct shear test within the normal stresses used in the 
study presented. For this reason, the tensile strengths only 
have a small impact on the shear strength of the soil-geog-
rid interface, which was already presented by, e.g., [13]. 
The most important properties of the geogrids in relation 
to the shear strength of the interface are the open size area 
and the thickness of the geogrid (especially the thickness 
of the transverse ribs). These properties for the geogrids 
tested are presented in Table 2.
4 Preparation of the shear test
The direct shear tests were executed using a large 
SHEARMATIC 27-WF 2304 direct shear test appara-
tus. The ground plan dimensions of the shear box are 
300 × 300 mm, and the height is equal to 200 mm. The 
apparatus is fully automated, and the following param-
eters were recorded during the test: normal (vertical) 
stress, shear force, horizontal and vertical deformation. 
Each test consists of two phases: the consolidation phase 
and the shear test phase. The tests were done for normal 
stresses, i.e., σn = 50, 100 and 150 kPa. The actual values 
of the normal stresses recorded using the sensors were 
a little lower. The times selected for the consolidation 
phase were about 30 mins for Samples 1 and 2 and about 
120 mins for Sample 3. Steady deformations were ensured 
before the shear tests. The horizontal movement was equal 
to 1 mm.min–1 for Samples 1 and 2, and a 0.5 mm.min–1 
for Sample 3. The maximal horizontal movement in all the 
cases was about 60 mm. The scheme of the apparatus is 
shown in Fig. 2. The movable part is an external box (con-
tainer) with a lower shear box. The upper part of the box is 
linked to a load cell for recording the shear force.
The tests were firstly executed for the original unrein-
forced soil samples. Subsequently, the geogrid was fixed 
to the upper part of the box, and the tests were repeated. 
The fixation of the geogrid (geosynthetics) to the upper 
part of the shear box is shown in Fig. 2. The same volume 
of soil was used for both the unreinforced and reinforced 
samples. The tests for the reinforced soil were according 
to the following procedure:
Table 1 Properties of the soils tested
Parameter / Property Unit Sample 1 Sample 2 Sample 3
Diameter of grain for 
selected percentile
d10 mm 8.7 2.6 0.56
d30 mm 10.7 3.7 0.71
d50 mm 12.7 4.9 0.86
d60 mm 13.7 5.5 0.94
Uniformity 
coefficient
cu - 1.58 2.16 1.68
Coefficient of 
gradation cc - 0.96 0.97 0.96
Minimal bulk density ρmin kg.m–3 1527.4 1620 1448.1
Maximal bulk density ρ
max
kg.m–3 1799.1 1823.3 1751.1
Table 2 Properties of the soils tested
Type of geogrid
GX55/30 TG3030S
Woven 
"Soft"
Polypropylene 
"Stiff"Parameter / Property Unit
Tensile strength - machine 
direction kN.m
–1 58 30
Tensile strength - cross direction kN.m–1 55 30
Minimal tensile strength - 
machine direction kN.m
–1 30 11
Minimal tensile strength - cross 
direction kN.m
–1 25 11
Mesh size (Lgeogrid) mm 25 × 25 40 × 40
Thickness (hgeogrid) mm 1.0 2.0
Area of geogrid (closed-size area) % 29.44 22.57
Open-size area % 70.56 77.43
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• the soil was compacted in the lower part of the box up 
to the upper edge, where the sliding surface is (com-
pacted in 2 layers of about 5 kg)
• the upper part of the box with a fixed geogrid was 
placed on the lower part of the box
• another 5 kg of soil was added to the box; using slight 
vibrations, the state when the grains were sufficiently 
wedged in the geogrid was achieved. The soil layer, 
which represents the middle part of the soil layer with 
the geogrid was subsequently compacted
• two layers of soil of approximately 5 kg were com-
pacted in the upper part of the box.
The placement of the upper part of the box with the 
geogrid on the lower part of the box before adding the soil 
is shown in Fig. 3. 
5 Results of the testing
The first series of tests were done using Sample 1 (GPm). 
The weight of the soil used was about 25.1 kg. The minimal 
bulk density was equal to 1527 kg.m–3, and the maximal 
density was equal to 1799 kg.m–3. These values allowed for 
determining the ID of the sample after its compaction in the 
shear box. The value of ID was within a range of 0.70–0.73. 
The results are presented for 3 loading stages, i.e., normal 
stresses of σ1 = 50 kPa, σ2 = 100 kPa, σ3 = 150 kPa. The shear 
stress curves for the unreinforced soil sample are shown in 
Fig. 4, left. The dependence of the vertical deformation on 
the horizontal movement is shown in Fig. 4, right. It can be 
seen that the behavior of the sample is dilating. The max-
imum value of the vertical deformation is about 8–9 mm, 
depending on the horizontal movement.
In the next part of the test, the GX55/30 geogrid was 
installed, and the tests were repeated. The shear strength 
of the soil-geogrid interface was about 10 % smaller than 
the unreinforced shear strength, except the critical shear 
strength for the loading stage σ2, when the reinforced and 
unreinforced shear strengths were close to each other. 
The soil-geogrid interface's shear strengths were more 
similar to the unreinforced shear strength in the case of 
the TG3030S geogrid. The peak values of the interface's 
shear strength were a little bit lower than the unrein-
forced ones in the cases of normal stresses σ1 and σ3, but 
in the case of the normal stress σ2, the value was a little 
bit higher. The critical values of the shear strengths were 
very similar to each other. The use of both geogrids in 
Sample 1 did not result in any significant changes in the 
vertical deformations in comparison to the unreinforced 
sample (Fig. 4, right).
The second series of tests were done using Sample 2 (GPf). 
The weight of the soil used was about 25.0 kg. The mini-
mal bulk density was equal to 1620 kg.m–3, and the max-
imal one was equal to 1823 kg.m–3. The value of ID was 
within a range of 0.93–0.98 during the testing. The shear 
strength curves of the unreinforced and reinforced samples 
are presented in Fig. 5. The soil-geogrid interface's shear 
strength curves were very similar for both geogrids used. 
In the peak stress state, the interface's shear strengths were 
a little lower than the unreinforced ones. On the contrary, 
in the critical stress state, the interface's shear strengths 
were higher than the shear strengths of the unreinforced 
sample. The vertical deformations were also very similar 
for the unreinforced and reinforced soil samples. The dila-
tion was in a range of about 3–4 mm.
The last series of tests were done using Sample 3 (SP). 
The weight of the tested sample was about 22.0 kg. 
The minimal bulk density was equal to 1448 kg.m–3, and 
the maximal one was equal to 1751 kg.m–3. The value of 
ID was within a range of 0.98–0.99. The shear strength 
curves of the unreinforced and reinforced samples are 
presented in Fig. 6, left. The results of the measurements 
show that the peak shear strengths of the unreinforced 
Fig. 2 Cross-section scheme of the large-scale direct shear test apparatus
Fig. 3 Fixation of the geogrid in the shearing area before placing and 
compacting Sample 1 into the upper part of the box – GX55/30 (left) 
and TG3030S (right)
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Fig. 4 Results of the shear test of Sample 1
Fig. 5 Results of the shear test of Sample 2
Fig. 6 Results of shear test of Sample 3
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and reinforced samples are very similar to each other. 
Significant differences were obtained for the critical shear 
strength. The interface's shear strength was higher than 
the shear strength of the original soil. The dilation mea-
sured was within a range of 1–2 mm (Fig. 6, right).
The parameters of the shear strength are presented in 
Table 3, where φp' and φc' are the peak and critical angles 
of the shear strength; τ0,p' and τ0,c' are the peak and crit-
ical initial shear strengths. It can be stated that the peak 
angle of shear strength is composed of the critical angle 
of shear strength and the portion due to dilation behav-
ior, see e.g. [33]. The ratio between the interface’s shear 
strength and the unreinforced shear strength is quantita-
tively represented by the interface's shear strength coeffi-
cient a according to the following equation:
   soil-geogrid soil/ ,  (1)
where tsoil-geogrid is the shear strength of the soil-geogrid inter-
face, and tsoil is the shear strength of the unreinforced soil. 
The same method was applied to determine the α coef-
ficient of the peak and critical angle of the shear strength. 
The values of the interface's shear strength coefficient α for 
all the tested soils and geogrids are summarized in Fig. 7. 
The results showed that the smallest values of the coef-
ficient a were determined for Sample 1 and that the highest 
values of the coefficient a were determined for Sample 3. 
The values of the coefficient a for Samples 2 and 3 are sim-
ilar to each other for both geogrids tested. In the case of 
Sample 1, higher values of the coefficient a were obtained 
using the TG3030S geogrid. The results also showed that the 
values of the coefficient a for Samples 2 and 3 are higher in 
the critical stress state. The higher values of the coefficient 
a for the critical state have been also presented by, e.g., [17].
6 Analysis of the results obtained
The coefficient a increases with a decrease in the grain 
size. It can be assumed that the resistance of the transverse 
ribs causes this effect. The pore sizes are the largest for 
Sample 1 and the smallest for Sample 3. For this reason, the 
mobilization of the resistance of the transverse ribs is more 
effective for Sample 3 than for Sample 1. The assumptions 
are shown in Fig. 8. The change in the interface coefficient 
a with horizontal movement, mostly affected by the resis-
tance of the transverse ribs, is shown in Fig. 9. The value 
of the coefficient a has a tendency to increase with hori-
zontal movement. This effect is most visible in the case of 
Sample 3. The most important parameters that affect the 
soil-geogrid interface's shear strength are the grain sizes of 
the soil tested and the geometry of the geogrid.
The results of the measurements showed that the coef-
ficient a is smaller than or equal to the value of 1.0 in the 
peak stress state (Fig. 7). Only in the case of Sample 3 
Table 3 Shear strength properties determined from the testing
Reinforcement Property / Parameter Unit Sample 1 Sample 2 Sample 3
No geogrid
Angle of shear strength
Peak φp' ° 51.87 42.22 41.06
Critical φc' ° 43.14 31.82 30.94
Initial shear strength
Peak τ0,p' kPa 0 1.03 2.94
Critical τ0,c' kPa 1.14 2.9 1.16
GX55/30
Angle of shear strength
Peak φp' ° 45.69 39.78 38.25
Critical φc' ° 40.43 31.8 36.23
Initial shear strength
Peak τ0,p' kPa 5.97 4.43 10.83
Critical τ0,c' kPa 0 4.64 0.11
TG3030S
Angle of shear strength
Peak φp' ° 51.96 39.98 40.98
Critical φc' ° 42.43 33.3 34.2
Initial shear strength
Peak τ0,p' kPa 0.99 1.61 3.81
Critical τ0,c' kPa 0 1.91 3.85
Fig. 7 Interface shear strength coefficients of tested soils with different 
geogrids
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was the value of coefficient a a little bit higher than 1.0 
(α = 1.03 for the GX55/30 geogrid and α = 1.01 for the 
TG3030S geogrid). It can be assumed that the resistance 
of the transverse ribs was not mobilized enough because 
the horizontal movement was small. For this reason, the 
interface's shear strength for the peak stress state cannot 
be significantly improved. A deeper analysis is difficult 
because the peak values of the shear strength correspond to 
the different values of ID and the void ratio e. More import-
ant is the change in the interface's shear strength in the 
critical stress state. The samples have the same value of ID, 
which corresponds to the critical void ratio ecrit. The resis- 
tance of the transverse ribs is mobilized due to the greater 
horizontal movement.
The change in the interface's shear strength coefficient α 
with a ratio of d50/hgeogrid is shown in Fig. 10, where the 
hgeogrid is the thickness of the transverse rib (Table 2). 
The results showed that the value of the coefficient a 
decreases with an increase in the ratio of d50/hgeogrid. 
The optimal value of the ratio of d50/hgeogrid is reached at the 
point when the coefficient a equals 1.0. The values deter-
mined are as follows: d50/hgeogrid = 3.2 for the TG3030S 
geogrid and d50/hgeogrid = 5.1 for the GX55/30 geogrid. The 
most optimal grain size distributions for the geogrids 
tested are soils that have the parameter d50 = 6.4 mm for the 
TG3030S geogrid and d50 = 5.1 mm for the GX55/30 geog-
rid. The results presented in Fig. 10 also allow for the selec-
tion of the optimal thickness of a geogrid for the given soil.
Fig. 8 Cross-section scheme of the TG3030S geogrid filled with grains 
of the soil tested
Fig. 10 Interface's shear strength coefficient, depending on the ratio of 
d50/hgeogrid
Fig. 9 Changes in of the interface coefficient a with horizontal 
movement
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The dependence of the interface's shear strength coef-
ficient α on the ratio of Lgeogrid/d50 is shown in Fig. 11. 
The results are presented for the critical stress state when 
the resistance of the traverse ribs is fully mobilized. 
The Lgeogrid parameter represents the mesh size of the 
geogrid tested, see Table 2. The optimal value of the 
ratio of Lgeogrid/d50 is about 5.1 for the GX55/30 geogrid 
and about 6.4 for the TG3030S geogrid. Based on these 
results, the optimal value of d50 for the GX55/30 geogrid 
is about 4.9 mm and about 6.25 mm for the TG3030S 
geogrid. The optimal values of the d50 parameter, which 
were determined using two different methods, are com-
pared in Table 4. The analysis shows that both diagrams, 
Fig. 10 and Fig. 11, can be used to determine the optimal 
value of the d50 parameter. The shape of the grain curve 
must be suitable for the selected geogrid (the minimal and 
maximal grain sizes cannot exceed the limit values of the 
given type of geogrid).
7 Conclusions
The shear strength properties of the soil-geogrid interface 
using analytical as well as numerical methods must be 
taken into account in the design of reinforced earth struc-
tures. A reduction or increase in the soil-geogrid inter-
face's shear strength is mostly defined by the interface's 
shear strength coefficient α. This coefficient represents 
the ratio of the soil-geogrid interface's shear strength to 
the shear strength of the original unreinforced soil. The 
interface's shear strength was tested using the large-size 
SHEARMATIC 27-WF 2304 shear test apparatus. The 
tests were executed on three soil samples: poorly graded 
medium gravel (Sample 1), poorly graded fine gravel 
(Sample 2) and poorly graded coarse sand (Sample 3). The 
soils were reinforced using two types of geogrid, i.e., the 
TENCATE Miragrid GX55/30, a woven geogrid made of 
polyester (PET), and the Thrace TG3030S, an extruded 
stiff polypropylene geogrid (PP).
The interface coefficient α was smaller or at most close 
to the value of 1.0 in the peak stress state. The resistance 
of traverse ribs, which improves this value, was not mobi-
lized enough because the horizontal movement is small. 
For this reason, it is not possible to achieve any signifi-
cant improvement in the interface’s shear strength at the 
peak stress sate. A deeper analysis is difficult because the 
peak values of the shear strength correspond to the differ-
ent values of ID and the void ratio e. The value of the coeffi-
cient α can significantly increase in the critical stress state, 
depending on the grain size and geometry of the geog-
rid. At the critical stress state, the samples have the same 
value of ID, which corresponds to the critical void ratio 
ecrit. It allowed for a deeper analysis. The interface's shear 
strength coefficient α reached its highest values in the 
case of Sample 3 and the smallest in the case of Sample 1, 
which means that the coefficient α increases by a decrease 
in the grain size as well as the pore sizes. The increase in 
coefficient α was mostly caused by the mobilization of the 
resistance of the transverse ribs of the geogrid used.
The results of the testing allowed for determining the 
optimal grain size for the geogrids tested. The value of 
the d50 parameter was determined using the dependen-
cies of α – d50/hgeogrid and α – Lgeogrid/d50. The optimal aver-
aged value of the d50 parameter was about 5.0 mm for the 
GX55/30 geogrid and about 6.33 mm for the TG3030S 
geogrid. The results of the testing presented in the paper 
can be directly used for soils and geogrids of similar prop-
erties and parameters. The optimal grain size for a geogrid 
with different parameters and soils with different proper-
ties can be successfully determined using the method pre-
sented in the paper.
Fig. 11 Interface shear strength coefficient α, depending on the ratio of 
Lgeogrid/d50
Table 4 Optimal value of the d50 parameter for the geogrids tested
Dependence
d50 (mm)
Geogrid
GX55/30 TG3030S
d50/hgeogrid for α = 1.0 5.1 6.40
Lgeogrid/d50 for α = 1.0 4.9 6.25
Average 5.0 6.33
Stacho et al.
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